The oil pump is an important part of vehicle engine, whose noise and vibration characteristics affect the engine performance significantly. The noises generated by both the pressure and flow fluctuations are the main contributors to the oil pump noise. In this paper, noise analysis of an external gear pump is carried out by using the computational fluid dynamics (CFD) method and The Lighthill's acoustic analogy (LAA) algorithm. The fluid pressure and velocity distributions of the flowfield are firstly calculated by using a CFD model. The noises generated by flowfield are simulated and their sound pressure spectra are obtained by using an LAA-based finite element model. By analyzing the phenomenon of oil trapping, the optimum design of unloading groove is put forward, and then the simulation analysis is carried out. According to the finite element model, the noise level of gear pump is reduced and the effect of noise reduction is achieved. The technique presented in this paper can be regarded as a useful tool for optimization design of gear pumps in vehicle engineering.
Introduction
It is well known in the vehicle engineering that there is a continuous demand for the component manufacturers to reduce noise and vibration levels of their products, due to the reason of vehicle ride comfort [1] . The external gear pump is a simple and robust device that can work at a wide range of pressure and rotational speeds. These features make them widely accepted as lubrication pumps in machine tools, oil pumps in engines or in fluid power transfer units in the aerospace, power generation, agricultural and automotive industries. However, the main drawbacks of the external gear pump are related to high noise and vibration levels [2] [3] . Generally, the external gear pumps are often accompanied with noise levels that are higher than other types of pumps.
In a gear pump, the meshing of gears is used to pump fluid. There are two main sources of vibration and noise, sharing the same fundamental frequencies [4] . One is the periodic variation of the pressure distribution on the gears, due to the fluid flows from the low to the high pressure chamber. The other is the periodic variation of gear meshing force [5] [6] . It has been found that the fluid-borne noises are the main contributors to the noise level of an external gear pump, which needs further research in engineering.
In this present work, the noise of a variable displacement external gear pump used in vehicle engine is studied. The CFD model is used to estimate the pressure and velocity distributions around the gears. The LAA is used to simulate the fluid-borne noises. The noise distributions and characteristics under some typical operating conditions of the pump are obtained. The work conducted in this paper is instructive to engineers for fluid-sound analysis and design of the gear pump structures.
Structure of a Variable Displacement External Gear Pump
The gear pump studied in this paper is a variable displacement gear pump, which is an electrical controlled self-adjustable pump with advantages of more accurate in control, more efficient in operation and high fuel economy of the engine. This pump can accomplish the transformation between low and high pressures by an electromagnetic valve that controlled by the engine electronic control unit (ECU).
The structure exploded view of the sample gearpump is shown in Figure 1 . 
Noise Calculation

CFD Modeling and Calculation in Flow Field
Physical model of the gear pump is established in CAD software. A three-dimensional flow field model of the pump can be obtained through the Boolean calculations such as union, intersection, and subtraction. The meshing of flow field model is completed in the Pump Linx software [7] . The automatic mesh generator based on geometry conformal adaptive binary-tree algorithm is applied.
The finite volume method with collocated grids is used to solve the 3-D transient viscous fluid mechanics equation in this paper. The SIMPLEC method [8] , which has been proved suitable for low speed fluids, is adopted in the CFD calculation. The accurate dynamic mesh method is utilized to treat the pump movement. The moving and static flow channels are modeled respectively. During calculations, the moving flow channel can process the grids' movement and deformation automatically. In each time step, the moving and static fields will be automatically linked in a new position through the fully implicit gliding interface technology. The gear position in the variable displacement pump at different rotational speeds can be determined by Equation (1).
where B is the meshing length of the gears, q is the fluidflow, Z is the gear teeth number, m is the gear module, n is the rotational speed and A is a correction factor equals to 5.3 in this paper 14 . Using Equation (1), one may easily calculate that the gear pump is at the state of half-meshing at 3000 rpm and 5000 rpm.
Lighthill's Acoustic Analogy Method
In this paper, the FE model is established based on the LAA algorithm and the Curle's theory under the following assumptions: 1) the body source in the FE region is from the volume integral of Curle's equation; 2) the boundary conditions are from the surface integral of Curle's equation and 3) other boundary condition is from green function of free field.
The LAA equations [9] can be written as: 
After finite element integration of the LAA equation [10] [11] and rearrangement, one can obtain a discrete weak solution in the form of finite-element variational, ( )
where the source S on the right includes both the body and surface sound sources. The sound sources can be directly solved from the current numerical model as follows. As mentioned above, after the scalar function ϕ is defined, the corresponding finite element weak form infrequency is:
The body sound source is:
The surface sound source, on the boundary of computational domain, is:
The sound source item in the time domain can be provided by the CFD velocity field. After Fourier transform, the sound source term in frequency domain ( )
is obtained, thereby the sound source. After the FE discrete equation is solved in frequency domain, the LAA analysis of a sound field is finished.
Noise Calculation and Validation
Considering the requirements in acoustical computation, there should be at least 6 elements within the shortest wavelength of the sound [12] . The tetrahedral solid elements are selected in this paper. To analyze the radiation characteristics, a sound propagation region is added when calculating the sound propagation of the sound source. A layer of infinite element in outer most border is set as a boundary condition of the sounds without reflections. The half of the established FE model of the gear pump is shown in Figure 2 . The grid of the gear pump meshing area is created at the position of addendum circle. The fluid area grid of the pump is also set up (Figure 3) . Two important components: the Lighthill surface and volume are setup in the Actran software. In Actran, the flow field information can be transformed into sound source information by the ICFD module. Performing the ICFD in the Actran, the flow field information previously calculated by the Pump Linx software, such as the pressure, velocity and density of the fluid, is interpolated into the Lighthill surface and volume and set as the acoustical excitation sources. The FE calculated DOI: 10.4236/oalib.1105030 When the shaft rotational speed of the gear pump is at a low level, the pulsations of pressure and flow caused by the shaft rotation are not obvious, and the peak values of the harmonics are small. The harmonic phenomena are mainly caused by gear meshing. As shown in Figure 4 , the first four primary harmonics of 3000 rpm appeared sequentially at 80 Hz, 170 Hz, 500 Hzand 1000 Hz.
As the rotational speed increases, the pressure and flow pulsation induced by the rotating shaft increases. At the speed of 5000 rpm, except for the primary harmonics, many secondary harmonics appear at 50, 100, and 150 Hz, etc. When the rotational speed reaches 5000 rpm, at the scale from 250 Hz to 800 Hz and 1500 Hz to 2500 Hz, there are a lot more harmonics in Figure 4 than at 3000 rpm. When the rotational speed reaches 5000 rpm, the secondary harmonics are mainly caused by the rotating shaft, which is shown in Figure 4 . 
Optimization of Unloading Groove
Design of Unloading Groove
To design the unloading groove of gear pump, it is necessary to ensure that, at any time, there must be a meshing point in the sealing belt between the two unloading grooves. Because only in this way, it will not lead to gear pump suction cavity. The following two conditions must be satisfied:
1) Two the sealing belt between the unloading grooves should cover the whole single tooth meshing area.
2) The distance between the two unloading grooves shall not be less than the projection of the length of the normal pitch of a gear on the meshing line on the normal direction of the connecting line of the two gears. That is the distance between the two unloading grooves.
On the below figure, the solid line is the center line of the two gears, and the dashed line is the limit position of the unloading groove. The specific position of the unloading groove is shown in Figure 5 . Figure 7 is the simulation SPL curve of the original pump, unloading groove pump and unloading groove and diversion groove pump under the rotational speed reaches 3000 rpm. As can be seen from the graph, in addition to individual frequencies, the SPL of the unloading groove pump and unloading groove and diversion groove pump is lower than that of the original pump. This indicates that the two schemes can effectively reduce noise. Overall, the sound pressure level of unloading groove and diversion groove pump is better than that of unloading groove pump. When the frequency is between 0 Hz and 1500 Hz, the sound pressure level of unloading groove and diversion groove pump is lower than that of unloading groove pump. When the frequency is between 1500 Hz and 2500 Hz, the sound pressure level of unloading groove pump is lower than that of unloading groove and diversion groove pump. Finally, when the frequency is between 2500 Hz and 4000 Hz, the sound pressure level of unloading groove and diversion groove pump is lower than that of unloading groove pump. Figure 8 is the simulation SPL curve of t three types of pumps under the rotational speed reaches 5000 rpm.
Noise Calculation and Validation
The sound pressure level of the unloading groove pump and unloading groove and diversion groove pump at 5000 rpm is not as good as that at 3000 rpm.
However, in most frequency bands, the noise level of the unloading groove pump and unloading groove and diversion groove pump is lower than that of the original pump. Obviously, the sound pressure level of the unloading groove Figure 7 . Sound pressure spectra: simulation results of original pump, unloading groove pump and unloading groove and diversion groove pump at 3000 rpm. Figure 8 . Sound pressure spectra: simulation results of original pump, unloading groove pump and unloading groove and diversion groove pump at 5000 rpm.
pump almost below the whole frequency band is lower than that of the original pump except 3400 Hz to 4000 Hz band.
Conclusion
A model for noise analysis of a variable displacement external gear pump is es- this method in order to verify whether the noise level of products meets the relevant standards.
The result of simulation analysis shows that the two newly designed unloading grooves have the effect of reducing the fluid noise of gear pump obviously. The noise reduction effect of unloading groove is better than that of original and unloading groove and diversion groove, when the rotational speed is 3000 rpm and 5000 rpm. Therefore, unloading groove is selected as the noise reduction scheme. Furthermore, by changing the structure of the oil pump model, one can reduce the noise level and shorten the product development expenses and time as well. This is instructive and meaningful for fluid noise calculations in engineering.
Conflicts of Interest
The authors declare no conflicts of interest regarding the publication of this paper.
